ABSTRACT
INTRODUCTION
. After agglutination, the cross-wall separating both parental cells is degraded, allowing cell fusion. Efficient cell fusion requires the correct organization of the cytoskeleton (Petersen et al. 1995; Petersen et al. 1998a; Petersen et al. 1998b; Kurahashi et al. 2002; Doyle et al. 2009 ). The S. cerevisiae FUS1 and the S. pombe fus1
+ genes have the same name and both mutants exhibit cell fusion defects during mating, leading to an accumulation of prezygotes (mating intermediates in which the mating partners have established a stable contact but have not yet fused). However, the corresponding proteins are not related; while S. cerevisiae Fus1p is a membrane protein (Trueheart et al. 1987) S. pombe Fus1p is a formin required for the organization of actin patches at the shmoo tip (Petersen et al. 1995; Petersen et al. 1998b) . S. pombe diploid nuclei are unstable, such that meiosis occurs immediately after karyogamy, and zygotes give rise to asci containing four ascospores (Nielsen 2004; Yamamoto 2004 ).
Genome-wide analyses performed using nitrogen starvation and pheromone treatments have been used to analyze gene expression under mating conditions (Mata et al. 2002; Mata and Bahler 2006) . Study of some previously-uncharacterized genes whose expression was induced in response to mating conditions led to the characterization of the h + -specific agglutinin map4 + (Yamamoto et al. 1997; Mata and Bahler 2006; Sharifmoghadam et al. 2006) , and dni1 + and dni2 + , two members of the Fig1-related family of fungal claudin-like proteins (ClementeRamos et al. 2009 ). dni1Δ and dni2Δ mutants exhibit a temperature-sensitive cell fusion defect due to a lack of coordination between membrane organization and cell wall remodeling at the cell-cell contact region (ClementeRamos et al. 2009 ). The SPAP7G5.03 gene, which codes for a protein with several potential transmembrane domains that is 22% identical to the Saccharomyces cerevisiae Prm1 (Heiman and Walter 2000), was not identified as a mating-induced gene in the extensive analyses (Mata et al. 2002; Mata and Bahler 2006) . In budding yeast, PRM1 is highly induced in response to pheromones and its absence leads to a ~50% reduction in the efficiency of cell fusion during mating. S. cerevisiae prm1Δ mating partners degrade the cross-wall separating both cells and their plasma membranes remain apposed but not fused (Heiman and Walter 2000) . In the prm1Δ zygotes, intercellular bubbles and fingers are produced when the cytoplasm of one of the cells invades part of the cytoplasm of the other mating partner because the apposed membranes cannot support turgor pressure in the absence of the cell wall (Heiman and Walter 2000; Jin et al. 2004) . It has been proposed that Prm1p is a fusion facilitator that might help to form a pore at the contact area between mating partners (White and Rose 2001; Olmo and Grote 2010a) . Neurospora crassa has a PRM1 ortholog whose deletion leads to a 50% reduction in cell fusion during vegetative and sexual cell fusion, the appearance of intercellular bubbles/fingers with apposed plasma membranes during vegetative cell fusion, and defects in post-meiotic events that lead to complete sterility (Fleissner et al. 2009 ). Intercellular bubbles/fingers have also been observed in S. cerevisiae fig1Δ mutants, which are defective in a claudinlike tetraspan protein that facilitates calcium influx and is required for cell polarization and fusion during mating (Erdman et al. 1998; Muller et al. 2003; Aguilar et al. 2007 ).
Cell fusion is a challenging process that requires the reorganization of cellular envelopes. S. cerevisiae prm1Δ cells undergo contact-dependent lysis during mating (Jin et al. 2004) . Calcium depletion enhances lysis in prm1Δ and fig1Δ mutants while deletion of FIG1 in a prm1Δ background enhances the cell fusion defect but not zygote lysis (Aguilar et al. 2007) . It has been proposed that calcium would promote a plasma membrane repair mechanism that compensates the lack of Fig1p and Prm1p (Aguilar et al. 2007) . Although there is a fairly large body of information about S. cerevisiae Prm1p (Heiman and Walter 2000; Jin et al. 2004; Aguilar et al. 2007; Engel et al. 2010; Olmo and Grote 2010a; Olmo and Grote 2010b) , the nature of its function remains unknown.
S. cerevisiae and S. pombe are distantly related yeasts (Sipiczki 2000) and hence studies addressing mating in both organisms might help to understand the conserved and divergent functions of proteins involved in this developmental process (Merlini et al. 2013) . In the present work we have analyzed the role of S. pombe prm1 + in mating and its relationship with other genes involved in cell fusion. We have confirmed that prm1 + is upregulated during mating, and have found that Prm1p localizes to the tip of the shmoos. In prm1Δ mutants, the cross-walls separating the mating partners are not digested extensively and plasma membranes form invaginations/fingers. In some prezygotes, new cell wall material is produced at the fusion area so that this structure undergoes a similar disorganization to that observed in dniΔ zygotes. However, genetic analyses revealed that the function of prm1 + and the dni + genes is independent. The behavior of phosphatidylserine at the inner leaflet of plasma membrane and response to drugs that interfere with lipids indicate that the structure/organization/dynamics of the plasma membrane is different during vegetative growth and during mating, and that it is different in the wild-type, dni1Δ and prm1Δ strains. These results suggest that the Prm1p and the Dni proteins exert different functions required to maintain proper membrane organization, and that these functions are particularly relevant for cell fusion.
MATERIALS AND METHODS
Strains and growth conditions. All general growth conditions and yeast manipulations have been described previously (Moreno et al. 1991 ; http://www.biotwiki.org/bin/view/Pombe/N urseLabManual). S. pombe strains are derivatives of the 972 h -and 975 h + wildtype (WT) strains and were grown in yeastextracts with supplements (YES) or Edinburgh minimal medium (EMM). EMM-Ca was prepared by eliminating CaCl 2 and replacing calcium pantothenate by sodium pantothenate. When desired, different concentrations of calcium, BAPTA (SIGMA) and EGTA (SIGMA) were added to this medium. EMM-N was EMM without ammonium chloride and was prepared with de-ionized water. Geneticin (G418, Formedium) and Nourseothricin (Werner BioAgents) were used at 120 μ/ml and 50 μ/ml, respectively. Miconazole (SIGMA; stock at 10 mM in DMSO), Myriocin (SIGMA; stock at 1 mg/ml in ethanol), Filipin complex (SIGMA; stock at 5 mg/ml in DMSO), Duramycin (Santa Cruz Biotechnology; stock at 1 mM in methanol:H 2 O 1:1), and Papuamide B (Flintbox; stock at 0.5 mg/ml in methanol:H 2 O 1:1) were used at different concentrations. To assess sensitivity to Filipin, actively growing cells were collected by centrifugation and resuspended in YES medium containing different concentrations of the antibiotic; then, serial 1:4 dilutions were performed on microtiter plates with the same medium so that cells were diluted but the antibiotic concentration was the same in all the wells. Plates were incubated at 32ºC and the O.D. 600nm of each culture was measured after two days of incubation using a microplate photometer (Multiskan Ascent, Thermo).
Mating analysis. Mating was induced in homothallic h
90 cells in liquid EMM-N as described previously (Sharifmoghadam and Valdivieso 2008) ; cells growing exponentially in EMM were washed extensively with deionized water, inoculated at a cell concentration of about 10 7 cells/ml in EMM-N prepared with deionized water, and incubated at 26ºC with gentle shaking (70 rpm). Under these conditions, mating was evident about 3-4 hours after nitrogen starvation; unless stated otherwise, samples were collected at this time. To perform mating analysis on plates, patches of cells that had been growing overnight on rich YES medium were replica-plated onto EMM plates and incubated at 32ºC. Under these conditions, cells divide until complete nitrogen depletion and then initiate sexual differentiation. In a WT h 90 strain, a few prezygotes were first observed after 12 hours of incubation; after 15 hours of incubation prezygotes and late zygotes (zygotes with wide necks) were abundant, while mature asci were scarce. Mature asci (with four refringent spores) were observed after 24 hours of incubation. Samples were taken at different times depending on the nature of the experiment. Sporulation efficiency, estimated as the number of asci with respect to the number of asci plus prezygotes and late zygotes, was used as an indirect measurement of cell fusion. To analyze the effect of calcium in mating, cells were induced to mate in EMM-Ca or EMM-Ca supplemented with the desired amounts of calcium or calcium chelators. Shmoo formation was induced in strains devoid of the adenylate cyclase cyr1 + and the peptidase sxa2 + genes by adding P factor (synthesized by Isogen; final concentration 1.5 μg/ml from a stock prepared at 5 mg/ml in methanol) as described (Stern and Nurse 1997; Clemente-Ramos et al. 2009) . cyr1Δ sxa2Δ cells are sensitive to low concentrations of pheromones in nitrogen-containing media (Stern and Nurse 1997) .
Molecular and genetic manipulations.
1kb-DNA fragments corresponding to the 5' and 3' non-coding regions of prm1 + were amplified by PCR and cloned into the pALKS+ vector. In order to recover a genomic copy of the prm1 + ORF with the "Gap repair" technique (Orr-Weaver et al. 1983) , this plasmid was linearized and used to transform a wild-type S. pombe strain. A prm1Δ deletion cassette in which the KanMX6 gene (Bähler et al. 1998) had been cloned between the 5' and 3' noncoding regions was used to transform the strains of interest. Correct integration was always assessed by PCR. Site-directed mutagenesis was used to introduce a NotI restriction site immediately upstream of the stop codon. The GFP and mCherry proteins were cloned as a NotI/NotI DNA fragments; fusion proteins were functional, according to the complementation of the fusion defect. All tagged proteins were integrated at the chromosome and expressed under the control of their endogenous promoters. A LactC2-GFP fusion protein was constructed by ligating a PCR-amplified DNA fragment containing the C2 Discoidin-like domain of bovine lactadherin fused to the GFP from the Lact-C2-GFP-p416 plasmid (Addgene; Yeung et al. 2008) to PCR-amplified act1 + 5' and 3' untranslated regions. The construct was cloned into a KS+ vector carrying the NatMX6 gene, which produces resistance to nourseothricin (Sato et al. 2005) , and was then integrated at the act1 + locus. (Marks and Hyams 1985; Wachtler et al. 2003; Sharifmoghadam et al. 2012) . In the case of Filipin, cells were stained with 5 μg/ml of the complex and photographed immediately, such that cells were exposed to the antibiotic for a total time of less than five minutes. A LactC2-GFP fusion protein, which binds to phosphatidylserine (Yeung et al. 2008 ) was used to visualize the plasma membrane. Electron microscopy was performed on cells that had been growing on EMM plates for 12 hours at 32ºC; cells were fixed in glutaraldehyde (EM grade, SIGMA) and stained with permanganate, as described (Neiman 1998). Ultrathin sections were cut on a Jung Reichert microtome (Leica Mikroskopie and System GmbH) and examined using a JEM1010 transmission electron microscope (Jeol) at 100 kV. Mata et al. 2002; Mata and Bahler 2006) ; this was probably the reason why prm1 + was not identified in genome-wide analyses. In order to confirm these results, semiquantitative reverse transciptase PCR analyses were performed. As shown in figure 1 A, prm1 + is expressed during vegetative growth and its expression increases under mating conditions (4 hours in EMM-N). In agreement with previous results (Mata et al. 2002) , our data confirmed that prm1 + is induced to a lesser extent than dni1 + and dni2 + in nitrogen-devoid medium. To investigate whether Prm1p was produced under mating conditions, an h 90 prm1Δ mutant bearing the Prm1-GFP and Dni1-mCherry fusion proteins was induced to mate in EMM-N for 4 hours. Observation of zygotes by fluorescence microscopy revealed that the Prm1p protein localized to the point of contact between the mating partners ( figure 1 B) , and that the protein co-localized with Dni1p; this colocalization did not depend on cell-cell contact, since it was observed in a heterothallic strain, bearing Prm1-mCherry and Dni1-GFP, treated with the P factor pheromone (lower panel in figure 1 B).
prm1
+ is required for cell fusion. The above results suggested that prm1 + might be involved in mating. In order to confirm this hypothesis, h 90 wild-type and prm1Δ cells were induced to mate on EMM plates that were incubated for 24 hours at 32ºC. Observation under a bright field microscope revealed that over 90% of the zygotes had produced asci in the cultures from the control strain. In the cultures from the mutant an accumulation of prezygotes was observed, such that less than 10% of the mating pairs had formed asci (not shown). A similar result was obtained when cells were induced to mate on sporulation agar (SPA) or malt extract agar (MEA) plates (not shown). In order to analyze the mating process in more detail, h 90 wild-type and prm1Δ strains bearing the Psy1 t-SNARE fused to the GFP, and the Hht1 histone fused to the mCherry RFP were induced to mate in liquid EMM-N. This strain allowed the observation of the plasma membrane and nuclei in vivo. The number of prezygotes, zygotes, and asci was scored for both strains at different times. The upper panel in figure 2 A shows several examples of each cell type scored. Prezygotes exhibited plasma membrane between mating partners, narrow mating bridges, and two nuclei that were apart from each other. The criterion to score a cell as a zygote was the lack of plasma membrane separating both cell bodies; some zygotes had a narrow mating bridge and unfused nuclei, while others had a wide bridge and fused nuclei. Cells with four nuclei were scored as asci. The percentage of each cell type was calculated with respect to the number of prezygotes, plus zygotes, plus asci. As shown in the lower panel of figure 2 A, in the control strain there was a progression along time, such that the number of prezygotes decreased while the number of zygotes increased; 22 hours after nitrogen depletion most of the mating cells were asci. In the prm1Δ strain, the number of prezygotes remained high (above 95%) along the experiment. 22 hours after nitrogen depletion less than 5% of the mating cells was asci.
This result showed that fission yeast Prm1p plays a relevant role in mating, and strongly suggested that cell fusion was blocked in most prm1Δ zygotes. In order to confirm this hypothesis, a soluble GFP expressed under the control of map4 + was introduced in the wild-type and prm1Δ homothallic strains. The map4 + gene is mating-type specific, such that it is only expressed in h + cells (Mata and Bahler 2006; Sharifmoghadam et al. 2006) . Thus, if cell fusion had taken place the green fluorescence would have been observed throughout the whole zygote body, whereas if fusion had been defective only half of the zygote would have exhibited fluorescence. The strains were induced to mate on EMM plates for 12 hours. In the control strain the whole zygote was fluorescent in over 90% of the zygotes (an example is shown in figure 2 B). In the prm1Δ strain, only 4% of the zygotes exhibited this pattern of fluorescence, while 96% of the zygotes exhibited fluorescence only in one part of the zygote body. This result confirmed a correlation between the lack of sporulation and a defect in cell fusion in the prm1Δ mutant. Out of the 96% of mutant prezygotes, an 85% exhibited fluorescence in half of the zygote body (see cell a in figure 2 B), while an 11% of the prezygotes exhibited fluorescence in more or in less than half of the zygote body (see cells b-d in figure 2 B. See also figure S1 ). This observation suggested that intercellular bubbles/fingers, like those described for the S. cerevisiae and N. crassa prm1Δ mutants ( The distribution of cell wall and plasma membrane at the cell-cell contact area of prm1Δ zygotes is abnormal. When the mating process was analyzed in strains bearing fluorescent membrane and nuclei markers (figure 2 A), it was found that most of the control and prm1Δ prezygotes exhibited a flat plasma membrane separating the mating partners (an example is denoted by an arrow in figure  3A ). However, in the mutant strain a significant number of prezygotes exhibited an accumulation of membranous material (denoted by arrowheads in figure 3 A), membrane bubbles/fingers (asterisks in figure 3 A), and cell compartments delimited by two membranes (denoted by a cross) that were sometimes accompanied by a bubble. The number of prezygotes with abnormal membranous structures at the cell-cell contact area reached 40% of total prezygotes 4 hours after nitrogen depletion and decreased at later timepoints.
The fact that the highest number of zygotes with an abnormal membrane distribution correlated with the time at which Prm1-GFP was observed at the tip of the shmoos is in agreement with the hypothesis that Prm1p would be required for proper membrane organization and/or behavior at the cell fusion region. To confirm that aberrant membrane distribution was a consequence of the lack of Prm1p, and not of an abnormal behavior of the GFP-Psy1 fusion protein, a similar experiment was performed using a different membrane marker. The C2 Discoidin-like domain from bovine lactadherin fused to the GFP (LactC2-GFP. See Materials and Methods) was used to visualize the plasma membrane. This domain binds phosphatidylserine, a phospholipid enriched in the cytoplasmic leaflet of plasma membrane. To determine whether extensive cell wall digestion was a prerequisite for the formation of membrane bubbles/fingers h 90 , h 90 prm1Δ, and h 90 fus1Δ strains were induced to mate in EMM-N and the cells were stained with Calcofluor and photographed. The left panel in figure 3 B shows the typical morphology of a wild-type prezygote (with flat cell wall and plasma membranes separating both cell bodiescell a), and a wild-type zygote (in which the cell wall was digested and the membranes fused-cell b). In all the prm1Δ prezygotes (mating pairs with unfused plasma membranes) there was cell wall material at the intercellular contact area, and in about 40% of the prezygotes there was an abnormal distribution of the plasma membrane. The central panel in figure 3 B shows different prm1Δ prezygotes; in prezygotes a and b one of the mating partners exhibits a flat membrane (denoted by arrows) while the other partner exhibits wide membrane invaginations into the cell body. Cell wall material separates the mating cells and partially surrounds the membrane invaginations (arrowheads). Prezygotes in which one mating partner exhibit a flat plasma membrane while the other exhibits blebs and membrane invaginations have been described for the S. cerevisiae kex2Δ prm1Δ double mutant (Heiman et al. 2007) . Prezygotes c and d exhibit accumulations of membrane and cell wall material at the intercellular contact area. The formation of membrane invaginations and fingers and the accumulation of cellular envelopes could not have been an indirect consequence of the halt in cell fusion, since they were never observed in the fus1Δ mutant (right panel in figure 3 B).
We performed electron microscopy to further characterize the cell fusion defect in prm1Δ zygotes (see figure 4) . h 90 and h 90 prm1Δ cells were induced to mate on EMM plates for 12 hours. As it has been described (Calleja et al. 1977) , in the h 90 strain the mating partners established contact through their cell walls (photograph a in the left panel of figure  4) ; later, the two-layer cross-wall thinned so that plasma membranes from both mating cells approached each other (arrowhead in photograph b) and finally fused (photograph c). In the h 90 prm1Δ strain, we did not detect regions of intercellular contact in which the cell wall had been digested and the membranes were apposed (like those described for the S. cerevisiae and Neurospora prm1Δ mutants. Heiman and Walter 2000; Fleissner et al. 2009 ). In about 30% of S. pombe prm1Δ zygotes (right panel in figure 4 ), there were regions where the cross-wall had been partially digested and regions where it had thinned (denoted by arrowheads in the magnifications of photographs a and b). In the prm1Δ prezygote shown in photograph a, the cell seemed to have repaired an opening or a region were the cross-wall had been partially eroded. Plasma membrane outgrowths into the cytoplasm (denoted by arrows in the magnifications of photographs d, e, and f), and structures that seemed to be small plasma membrane bubbles (denoted by arrows in the magnifications of photographs b, c, and d) were frequent in the proximity of the cellcell contact point. The block arrow in photograph d denotes structures that resembled the cell wall-adhered blebs described in the S. cerevisiae double prm1Δ kex2Δ mutant (see figures 6 F and 9 in Heiman et al. 2007) , which also accumulated small membrane bubbles at the intercellular contact area even when the cross-wall was present. In over 80% of the prm1Δ zygotes, it was possible to observe an abnormal cell wall growth that surrounded portions of cytoplasm (photographs a, d, e, and f). Since many of the enzymes required for cell wall synthesis are plasma membrane proteins, this abnormal growth of the cell wall must have been preceded by an aberrant membrane growth.
Distribution of cell wall enzymes in prm1Δ zygotes. As described above, in most S. pombe prm1Δ zygotes the crosswall separating the mating partners was not extensively digested. In order to understand whether this phenotype was due to a mislocalization of glucanases, h 90 and h 90 prm1Δ cells bearing the glucanase Agn1-GFP were induced to mate in liquid medium. As shown in figure 5 A, this enzyme was present at the cell fusion point. Additionally, a defect in the action of glucanases cannot be invoked to explain the lack in cell fusion in the S. pombe prm1Δ mutant, since such a defect would result in the presence of a flat, perhaps thickened, cell wall between mating partners, but not in the overgrowths of this structure into the cytoplasm observed in the prm1Δ zygotes (cells a and b in figure 3 B, and figure 4). By contrast, these overgrowths must have been produced by the synthesis of new cell wall. In agreement with this notion, the β(1,3)glucan synthase Bgs4p was observed around some membrane inavginations/bubbles that had formed into the cytoplasm of one of the mating partners (figure 5 B). The synthesis of new cell wall from the membrane ingrowths and membrane invagination/fingers would contribute to the engulfment of portions of cytoplasm by cell wall material, giving rise to some of the structures observed by electron microscopy (figure 4).
Cellular envelopes show abnormal behavior during cell fusion in prm1Δ zygotes. In order to obtain more detailed information about the chronology of the events that led to the cell fusion defect in prm1Δ zygotes, time lapse experiments were performed using the h 90 , h 90 prm1Δ, and h 90 fus1Δ strains bearing the LactC2-GFP construct. Cells were induced to mate in liquid EMM-N, stained with Calcofluor, and photographed every 4-5 minutes (figures 6 and S2, and 2). In h 90 wild-type zygotes, the fluorescence corresponding to the phosphatidylserine in the inner leaflet of the plasma membrane lost intensity at the cell-cell contact point (denoted by an asterisk; time-point 35' in figure 6 A). This change in the appearance of the plasma membrane was observed before a partially eroded cross-wall region was observed (denoted by an arrow; timepoint 40'). At later time-points, an opening in the cross-wall was apparent and became wider with time, the plasma membrane was no longer present between the mating partners, and the conjugation bridge grew (figure 6 A and 1).
In the prm1Δ zygote shown in figure 6 B and 2, the fluorescence of the LactC2 probe in the membrane separating the mating partners (denoted by an asterisk in the time frame 35') was strong throughout the time course; at 40', a partially eroded cross-wall region was observed (denoted by an arrow). At 45', an opening in the cross-wall became evident due to a thickening of the cell wall surrounding it, but it did not become wider at later time-points. At this timepoint (45'), the plasma membrane invaginated into the cytoplasm of one of the mating partners giving rise to a structure that collapsed or retracted at 50'. After this time, the membrane separating the mating partners resembled that of the initial time-point. The cell repaired the eroded cross-wall region 55' after the initial time-point, after which the crosswall thickened. Although in this zygote the membrane invagination was produced soon after the cross-wall had undergone partial erosion, in other zygotes there was a delay between the time of cross-wall erosion and the appearance of the membrane invagination. Thus, in the zygote shown in the upper panels of figure S2 the cross-wall partially eroded region was already present at the beginning of the experiment (time-point 0'; denoted by an arrow) and the membrane invagination was not observed until the 12' time-point. In the zygote shown in the lower panels of figure S2 , the cross-wall erosion was produced before the 0' time-point (denoted by an arrow) and was closed at 24' (denoted by an arrowhead); the membrane invagination was observed at 48', preceded by an outgrowth of the cell wall at the mating bridge (denoted by a square). Thus, the formation of the membrane invaginations was apparently not an immediate consequence of the partial erosion of the cross-wall. The membrane invaginations observed in the zygotes shown in figures 6 B and S2 collapsed/retracted soon after their appearance, indicating that these structures were transient and probably fragile. In 20% of the prm1Δ zygotes the membrane invaginations remained for longer times and cell wall material was synthesized from them ( S ). In all the prm1Δ zygotes observed, the intensity of the fluorescence corresponding to the phosphatidylserine in the cytoplasmic side of the plasma membrane at the intercellular contact region was strong throughout the experiments, and the fluorescence corresponding to the crosswall thickened after the closure of the opening at that region.
In sum, according to the observation of 6 zygotes from the wildtype and 10 zygotes from the prm1Δ mutant by time lapse microscopy, it could be established that the initial difference between both strains that could be observed was the behavior of the phosphatidylserine marker associated to the cytoplasmic leaflet of the plasma membrane at the cell-cell contact point. In the fus1Δ mutant, the mating partners remained adhered but unfused and the mating bridge became longer with time. In this strain, the fluorescence corresponding to the LactC2-GFP marker weakened some minutes after cell-cell contact (asterisk in the time-point 35') but no erosion in the cell wall or membrane invaginations were observed along the time-course (figure 6 C and results not shown).
In order to confirm that a change in the distribution of phosphatidylserine preceded cell fusion in the control strain, h 90 wild-type cells bearing the LactC2-GFP marker and mCherry-Bgs4 (with 16 transmembrane domains) were induced to mate in liquid medium and early zygotes were photographed. Serial z-sections were analyzed; as shown in figure 6 D, the fluorescence corresponding to the LactC2-GFP probe was excluded from a point at the cell-cell contact area, while that of the mCherry-Bgs4 was not. A similar result was obtained when mCherry-Psy1 (with one transmembrane domain) was used ( figure 6 D) . Exclusion of the LactC2-GFP fluorescence at the fusion area was never observed in prm1Δ prezygotes (not shown). , and iii) in the dni1Δ and prm1Δ mutants, fused zygotes that had not sporulated were almost never detected (figure 2 A and results not shown), such that the percentage of asci and the percentage of prezygotes were always complementary. Cells were induced to mate on EMM plates and were incubated for 3 to 5 days at different temperatures; long incubation times were used to ensure that all asci were mature so that they would be easyly recognized under the bright field microscope because of spore refringency. As shown in figure 7 A, sporulation in the double dni1Δ dni2Δ mutant was a thermosensitive process; sporulation efficiency in this strain was fairly similar to that of the wild-type at 20ºC and was very low at 32ºC. In contrast the sporulation efficiency of the h 90 prm1Δ mutant was very low at all temperatures tested, suggesting that the nature of the fusion defect in prm1Δ and dniΔ mutants might be different.
The sporulation efficiency in a triple dni1Δ dni2Δ prm1Δ mutant could not be compared with that of the single prm1Δ mutant to investigate whether the prm1 + and the dni + genes acted in the same or in different subpathways because the defect in the single prm1Δ mutant was already close to 100%. Accordingly, several experiments were undertaken to clarify this issue. First, sporulation was analyzed in prm1Δ cells that had been transformed with an empty plasmid or with plasmids overexpressing prm1 + , dni1 + or dni2 + . As shown in figure 7 B, sporulation was only restored by the plasmid overexpressing prm1 + . Similarly, prm1 + overexpression did not restore sporulation in dni1Δ, dni2Δ, and dni1Δ dni2Δ mutants (not shown). These results suggested either that prm1 + and the dni + genes acted in different subpathways, or that these genes acted at the same point of the same subpathway so that they regulated each other. In order to investigate whether Prm1p and the Dni proteins formed a complex, the dependence of these proteins on each other for their localization to the cell-cell contact area was analyzed. As shown in figure 7 C, Prm1-GFP localized to the intercellular contact region in a dni1Δ dni2Δ mutant. Similarly, Dni1-GFP and Dni2-GFP were localized to the intercellular contact region of early prm1Δ zygotes (zygotes with a short, narrow mating bridge. figure 7 C). In late zygotes (zygotes with a long, wide mating bridge), the fluorescent signal of both proteins was broader, due to the expansion of the cell-cell contact area after cell fusion failure in the mutant. Thus, Prm1p and the Dni proteins are not interdependent for their localization.
Finally, the sporulation efficiency in unilateral and bilateral crosses was estimated. Sporulation in unilateral WT x prm1Δ crosses was more efficient than in bilateral prm1Δ x prm1Δ crosses ( figure 7  D) , showing that the presence of Prm1p in one mating partner was sufficient to promote cell fusion at almost wild-type levels. The result was similar when the prm1Δ strain was h + and h -. The same kind of behavior was found for the dni1Δ, dni2Δ, and fus1Δ mutants (Petersen et al. 1995; Clemente-Ramos et al. 2009 . Figure 7 D , and results not shown). The sporulation efficiency of the unilateral WT x dni2Δ prm1Δ cross was significantly lower than that of the unilateral WT x dni2Δ and WT x prm1Δ crosses (figure 7 D), suggesting that prm1 + and dni2 + acted in different genetic subpathways for cell fusion. This hypothesis was confirmed by analyzing the sporulation efficiency in unilateral dni2Δ x prm1Δ crosses. On comparing sporulation efficiency in the unilateral dni2Δ x prm1Δ cross with that of the bilateral WT x WT, dni2Δ x dni2Δ, and prm1Δ x prm1Δ crosses, and with that of the unilateral dni2Δ x WT and prm1Δ  x WT crosses, we found that it was similar to that of the unilateral crosses (figure 7 D). This result confirmed that dni2 + and prm1 + act in parallel subpathways, since if both genes acted at different points of the same subpathway, the result of the unilateral dni2Δ x prm1Δ cross would have been similar to that of the bilateral prm1Δ x prm1Δ cross. Similar results were obtained when dni1Δ x prm1Δ and fus1Δ x prm1Δ unilateral crosses were analyzed (not shown). Similarly, analyses of unilateral and bilateral crosses, of actin distribution at the tip of the shmoos, and of the distribution of Prm1-GFP in a fus1Δ mutant confirmed that fus1 + and prm1 + acted in different subpathways ( figure S3 and results not shown). For the other subpathway, only the Golgi protein Cfr1p has been identified; in cfr1Δ mutants the cross-wall between mating partners is not digested, but no abnormal outgrowth of the cell wall was detected (CartagenaLirola et al. 2006) . Unilateral and bilateral crosses directed toward investigating whether prm1 + and cfr1 + belonged to the same subpathway were performed. The results were not significant because the fusion defect was very strong in the prm1Δ mutant and mild in the cfr1Δ mutant. In any case, microscopy analyses revealed that Prm1-GFP reached the cell surface efficiently in the cfr1Δ mutant ( figure S3 ). These results suggest that prm1 + might define a third functional subpathway for the cell fusion process in fission yeast. prm1Δ and dni1Δ mutants are slightly sensitive to drugs that inhibit lipid synthesis or induce cell death after interfering with lipids. The cell fusion defect in the prm1Δ mutants was concomitant with an abnormal behavior and distribution of the plasma membrane at the intercellular contact area. This result suggested that Prm1p might play some role in the organization/structure/dynamics of the plasma membrane. prm1 + was expressed during vegetative growth (figure 1 A) ; thus, Prm1p function might be also performed under these conditions. To gain information about the nature of Prm1p function in S. pombe, h 90 cells were treated with different lipid-disturbing drugs during vegetative growth and during mating. The dni1Δ mutant was included in the analyses.
When h 90 wild-type, prm1Δ, and dni1Δ cells from logarithmic cultures were spotted onto YES plates supplemented with miconazole, a drug that inhibits the synthesis of sterols, it was found that prm1Δ cells were partially sensitive to the drug (figure 8 A) ; the dni1Δ mutant exhibited a sensitivity that was intermediate between that of the control and the prm1Δ strain. The Filipin complex is a macrolide polyene antibiotic that binds ergosterol, disturbs the structure of the sterol-rich membrane domains termed lipid rafts, and destabilizes plasma membrane proteins (Wachtler et al. 2003) . Although Filipin seems to bind the sphingolipid-free pool of ergosterol (Jin et al. 2008) , the hydrophobic environment provided by sphingolipids is required for Filipin binding to sterols (Drabikowski et al. 1973) ; thus, sensitivity to this antibiotic might reflect defects in the amount and organization of lipids at the plasma membrane. When h 90 wild-type, prm1Δ, and dni1Δ cells growing in logarithmic phase were incubated in the presence of Filipin in liquid medium (see Materials and Methods), it was found that dni1Δ vegetative cells were partially sensitive to the antibiotic, and that the sensitivity of the prm1Δ cells was intermediate between that of the control and the dni1Δ cells (figure 8 B) . These results suggest that the amount or the organization of sterols is defective in the prm1Δ and dni1Δ strains, and that the defects in these mutants are different. During vegetative growth neither of the mutants was sensitive to myriocin, an inhibitor of sphingolipid biosynthesis. h 90 cells were also treated with Duramycin and Papuamide B, which are cytotoxic peptides that respectively bind extracellularly-exposed phosphatidyl ethanolamine and phosphatidylserine and induce cell lysis (Marki et al. 1991; Parsons et al. 2006) . Normally, flippases maintain these phospholipid components on the inner leaflet of the plasma membrane; thus, an increased sensitivity to Duramycin and to Papuamide B would reflect a defective phospholipid organization in the plasma membrane. Cells that had been growing actively in EMM and cells that had been induced to mate in liquid EMM-N for one hour were exposed to the solvent or the peptides for an additional five hours and then plated onto YES medium, to analyze cell survival. In the mock experiments (0 μg/ml Papuamide B), all the strains grew at the same rate on the plates (figure 8 C), suggesting that that under these conditions lysis was negligible in the mutants. dni1Δ cells were slightly sensitive to Papuamide B during vegetative growth; sensitivity was enhanced when the peptide was added to cells undergoing mating (figure 8 C). This result suggested that the plasma membrane has more externally exposed phosphatidylserine in the dni1Δ mutant than in the wild-type strain, and that this difference is enhanced in cells undergoing mating. No reproducible differences were found between the survival of dni1Δ and control cells treated with Duramycin (not shown) and between the survival of prm1Δ and control cells treated with either peptide (figure 8 C and results not shown).
When h 90 strains were induced to mate in liquid EMM-N and then plated onto EMM plates containing myriocin so that cells that had initiated mating (and presumably had undergone a change in their membranes) were exposed to myriocin, it was found that the prm1Δ cells were more sensitive to this antibiotic than wild-type and h 90 dni1Δ cells ( figure  8 D) . Under mating conditions, no sensitivity to miconazole or Filipin was detected in any of the mutants.
To gain information about the extent of the membrane defects in the prm1Δ and dni1Δ strains, heterothallic cyr1Δ sxa2Δ cells were treated with pheromone and stained with Filipin to observe the distribution of sterols. cyr1Δ sxa2Δ strains bearing the LactC2-GFP construct were treated with pheromone to observe the phosphatidylserine on the cytoplasmic leaflet of the plasma membrane. The Filipin and LactC2-GFP fluorescent signals were stronger along the shmoo projections than in the cell bodies in both strains. No apparent difference was observed between the control, dni1Δ and prm1Δ strains (figure 8 E and results not shown). These results indicate that the plasma membrane defects in the mutant strains are mild. Additionally, no abnormal membranous structures or intracellular expansion of the plasma membrane was observed at the tip of the shmoos in the mutant strains, showing that the abnormalities detected in the membrane of the mutant zygotes were produced after cell-cell contact. The patterns of Filipin staining and the LactC2-GFP signal were similar in wildtype, prm1Δ, and dni1Δ strains during vegetative growth (not shown).
All these results suggest that the composition/structure of the plasma membrane is different during vegetative growth than during mating, and that it is different in the wild-type, in the prm1Δ mutant, and in the dni1Δ mutant. The mild abnormalities in the plasma membrane of the mutant strains unveiled using lipiddisturbing drugs do not seem to produce alterations during vegetative growth and shmoo differentiation, but might be responsible for, or at least contribute to, the failure in cell fusion during mating in the prm1Δ and the dni1Δ mutants. prm1Δ zygotes do not lyse after cell-cell contact. Membrane merger and cell wall remodeling must be correctly crossregulated during fusion to avoid cell lysis. A significant number of S. cerevisiae prm1Δ zygotes undergo a contactdependent lysis that is enhanced after decreasing the external calcium concentration (Jin et al. 2004; Aguilar et al. 2007 ). It has been described that decreasing the external calcium concentration does not affect either cell fusion efficiency or zygote integrity in S. pombe wild-type and dni1Δ strains (Clemente-Ramos et al. 2009 ). In order to gain further information about the influence of external calcium concentrations in cell fusion and zygote integrity in the S. pombe prm1Δ mutant, homothallic wild-type, dni2Δ, prm1Δ, dni2Δ prm1Δ, and fus1Δ mutants were induced to mate in liquid EMM-N medium (about 100 μM calcium), EMM-N without calcium (traces of calcium), and EMM-N without calcium supplemented with BAPTA. After 4 hours of incubation, zygotes were exposed to methylene blue and photographed immediately; dark-colored zygotes were scored from the photographs. In all the strains and conditions tested, zygote lysis was less than 10% (results not shown). The same result was obtained when the cells were incubated under those conditions for 24 hours. Thus, neither calcium depletion nor the elimination of a protein from the Fus1-Dni subpathway produced irreversible damage to the membrane of the prm1Δ cells during cell fusion. DISCUSSION S. pombe Prm1p and cell fusion. The S. pombe prm1Δ mutant exhibits an almost complete blockade in cell fusion, showing that its function is more critical for this process than that of S. cerevisiae and N. crassa PRM1 (Heiman and Walter 2000; Jin et al. 2004; Fleissner et al. 2009 ). Analysis of zygotes bearing a soluble GFP suggested that the S. pombe prm1Δ mutants might produce plasma membrane bubbles/fingers; however, electron microscopy revealed that the nature of the structures observed in S. pombe might be different from that described in other organisms. In less than 5% of the S. pombe prm1Δ zygotes the cell wall had been digested completely and cells had fused; in the rest of zygotes a cross-wall separated the mating pair. In some zygotes, a localized erosion of the crosswall was detected that sometimes seemed to have been repaired; time-lapse analyses confirmed this observation.
It seems plausible that some kind of communication exists between plasma membrane and cell wall. If this communication is altered in the prm1Δ mutants, cells might respond abnormally to some signal produced after the initial cross-wall erosion. In this scenario, the outcomes produced by the failure in membrane merger in different organisms would be explained by the specific nature of these signals, and by the mechanism triggered after the initial cell-cell contact to coordinate the remodeling of both cellular envelopes. S. pombe might trigger a signal to enhance cell wall synthesis to repair the erosion while S. cerevisiae and N. crassa might favor the action of glucanases that would continue degrading the cross-wall, and hence the areas of apposed membranes would become wider with time. These different outcomes could help to explain the penetrance of the cell fusion defect. In S. cerevisiae and N. crassa, after the cell wall is degraded the membranes are apposed and pushed one against the other by the turgor pressure; thus, the prolonged contact between both membrane bilayers would facilitate their merging after a time. In most S. pombe zygotes, the small openings in the crosswall would be repaired and the cell wall would provide a physical barrier preventing membrane fusion; also, the small size and the rapid repairing of the cell wall openings might contribute to the absence of zygote lysis.
Abnormal membrane and cell wall structures at the contact site of S. pombe prm1Δ prezygotes. Time-lapse experiments showed that large membrane invaginations/fingers formed at the area of intercellular contact in S. pombe prm1Δ mating pairs; in most cases these structures collapsed/retracted a few minutes after their appearance. Electron microscopy revealed the presence of areas of membrane growth towards the inside of the cells, small bubble-like structures, and portions of cytoplasm surrounded by cell wall material. Figure 9 illustrates some hypothetical mechanisms that would explain the origin of these abnormal structures. i) After the formation of an opening in the cross-wall, the failure in membrane merger would allow turgor pressure from the cytoplasm of one of the mating cells pushing both membrane bilayers towards the inside of the cytoplasm of the mating partner with the weakest pressure, giving rise to a finger (Figure 9 A). This process would be similar to that described for the S. cerevisiae prm1Δ mutant (Heiman and Walter 2000; Jin et al. 2004) . The pressure between both cells would become balanced, the membranes would recover their natural position, the cell wall opening would be repaired, and the cell wall at the contact point would thicken with time. ii) After the appearance of the finger, growth of the cell wall on the same line as the old wall (directed from the membranes proximal to the edges of the gap) would repair the cross-wall opening before the finger retracts, trapping a portion of plasma membrane and originating a small plasma membrane bubble in the cytoplasm (figure 9 B). iii) The synthesis of new cell wall on the same line as the old wall together with cell wall synthesis from the finger's plasma membrane would reinforce these structures. These processes would generate portions of cytoplasm engulfed by cell wall (Figure 9 C. See S and prm1Δ cells a, d-f in figure 4). Cell wall regeneration at the finger membrane has also been observed in the S. cerevisiae prm1Δ and erg6Δ mutants (Jin et al. 2008) . iv) Although nothing is known about how the fungal cell wall and plasma membrane are attached, it seems reasonable to think that some interaction exists between cellular envelopes. Plasma membrane detachment from the cell wall in one of the mating cells would produce a membrane invagination into the cytoplasm, while membrane would remain flat in the other cell (Figure 9 D) . Later, the membrane invagination might retract, originate small bubbles, or direct the synthesis of new cell.
The membrane detachment hypothesis is supported by the facts that in several zygotes membrane invaginations were observed after the erosion in the cell wall seemed to have been repaired (lower panels in figure S2 , and results not shown), and that in some zygotes invaginations were present in one mating partner while membrane was flat and proximal to the cross-wall in the other partner (cells a and b in figure 3 B, figures 5 B and S2, and results not shown). Serial sections analyses confirmed that plasma membrane invaginated only in one of the mating partners (figure 9 E and results not shown). Additionally, while invaginations were observed in 40% of prm1Δ prezygotes, cytoplasm fingers (viewed using the soluble GFP) were only detected in 11% of the prezygotes, strongly suggesting that cell wall openings and membrane invaginations not always coexisted. Probably, several forces/tensions arise at the cell-cell fusion point and these forces undergo some change when the erosion of the cross-wall starts. If the membrane is not properly attached to the cell wall, tension might be released through the invagination of plasma membrane into the cytoplasm of one of the cells. This hypothesis requires that these forces are stronger than turgor pressure, which pushes the membrane towards the cell wall. If plasma membrane flexibility is altered in the prm1Δ mutant (see below), it might be possible that it bends abruptly towards the inside of the cytoplasm to release these forces; later, turgor pressure would push it back towards the cell wall. This phenomenon would be similar to that described in cell cultures when cells are abruptly detached from a surface; under these circumstances, the plasma membrane forms transient blebs (Norman et al. 2010) . While in mammalian cells the membrane blebs towards the outside of the cell, in the S. pombe prm1Δ zygotes invaginations would be produced towards the inside of the cells because of the cell wall barrier.
Prm1, Fig1-related proteins, and membrane organization. The composition and distribution of lipids in the plasma membrane is important for cell fusion in S. cerevisiae; in particular, the amount of sterols as well as their distribution/organization in the plasma membrane is relevant for this process (Bagnat and Simons 2002; Proszynski et al. 2006; Jin et al. 2008; Aguilar et al. 2010; Grote 2010) . Prm1 and Fig1-related proteins are integral membrane proteins and concentrate at the shmoo tip. The contact-dependent lysis in the S. cerevisiae prm1Δ mutant is not remedied by sorbitol (Jin et al. 2004) , and is influenced by calcium (Aguilar et al. 2007) . In S. pombe, the cell fusion defect in the dniΔ mutants is influenced by temperature (Clemente-Ramos et al. 2009 ). Since calcium and temperature affect membrane fluidity (Gordon et al. 1978) , it is possible that different aspects of plasma membrane structure/organization/dynamics might be regulated by the Prm1 and Fig1-Dni proteins.
Experiments using the LactC2-GFP marker strongly suggested that in the wild-type phosphatidylserine is excluded from the inner leaflet of plasma membrane at the cell-cell contact sites before cell fusion. This result, together with the fact that LactC2-GFP labels some parts of the shmoo different than others (figure 8 E) suggests that normal cell fusion involves dynamic changes in the amount and/or distribution of this phospholipid by lateral segregation or localized flip-flop to the outer leaflet. This reorganization of lipids seems to be altered in the S. pombe prm1Δ mutant. Additionally, the sensitivity of the prm1Δ and dni1Δ mutants to the Filipin complex, which binds the sphingolipid-free pool of ergosterol, and the sensitivity of the dni1Δ mutant to papuamide B, which binds the externally exposed phosphatidylserine, suggest that the specific distribution/topology of lipids is defective in prm1Δ and dni1Δ membranes; the lipid imbalance produced by a reduction in the synthesis of ergosterol and sphingolipids by miconazole and myriocin would enhance these defects resulting in sensitivity to those compounds. Loss of Prm1p and Dni1p function has minor effects during vegetative growth but dramatic effects during mating; this is probably the reason why cells induce the expression of the prm1 + and dni1 + genes under mating conditions. The intracellular growth of the plasma membrane and some of the structures observed in the intercellular contact area in the S. pombe prm1Δ mutant were reminiscent of those observed at the mother-bud neck of Candida albicans yeasts lacking Sur7p, a protein that localizes to membrane microdomains and mediates the spatial regulation of plasma membrane organization (Alvarez et al. 2008; Douglas et al. 2012 ). Thus, it is possible that the Prm1p is involved in the organization of a specialized membrane microdomain at the tip of shmoos such that it would ensure the correct organization of lipids at the cell-cell contact area. The amino acid sequence of Prm1p do not predict any enzymatic activity; accordingly, it is possible that this protein plays a structural role at the shmoo tip required to localize/compartmentalize a class of lipids to provide the proper fluidity/curvature required for membrane merger. In agreement with the notion that fluidity of membrane microdomains affects fusion, it has been proposed that increasing the fluidity of cholesterol-rich membranes inhibits hepatitis C virus entry (ChamounEmanuelli et al. 2013) . Membrane curvature is also required for merger (Kozlov et al. 2010) ; if phosphatidylserine is flipped to the outer leaflet at a small area in the control strain, the surface of this leaflet would change, inducing membrane curvature. prm1Δ defects in phosphatidylserine lateral exclusion or flipping would produce alterations in membrane curvature/fluidity, affecting membrane merger. Lipids and transmembrane proteins modulate each other (Marsh 2008) ; thus, Prm1p might have a role organizing lipids at the cellcell fusion area whose disorganization might in turn alter the function/activity of transmembrane proteins directly involved in fusion, membrane-cell wall attachment and/or membrane-cell wall communication. Also, Prm1p might act as a scaffold required for the recruitment of other fusion factors.
In summary, the results obtained on studying the functions of the Prm1-and Fig1-families of proteins in different organisms suggest that these proteins have functions related to the organization of the plasma membrane that have been conserved along evolution and are relevant for cell fusion, acting as a safeguard mechanism that ensures proper cell fusion and zygote integrity. 90 fus1Δ zygotes bearing the LactC2-GFP fusion protein to label internally exposed phosphatidylserine in the plasma membrane were stained with Calcofluor to label the cell wall. Micrographs show the cell wall (magenta), plasma membrane (green), and the superimposed images. For the wild-type strain a prezygote (a) and a zygote (b) are shown. For the prm1Δ strain, four prezygotes are shown; arrows denote a flat plasma membrane at the cell-cell contact area of prezygotes exhibiting an invagination/finger, and arrowheads denote cell wall material around invaginations/fingers. Images were obtained with a DeltaVision Deconvolution system. For the fus1Δ mutant, two prezygotes are shown. Bars, 3 µm prm1Δ (B) and h 90 fus1Δ (C) zygotes bearing the LactC2-GFP marker to label internally exposed phosphatidylserine in the plasma membrane were stained with Calcofluor to label the cell wall, induced to mate in liquid EMM-N, and time-lapse-imaged every 5 minutes. The 0' time indicates the moment when the first photograph was taken. Since there was no temporal marker to adjust the first image, the pictures from different zygotes labeled with the same time (in minutes) do not necessarily correspond to the same moment after the initial cell-cell contact had taken place. Asterisks denote a change in the intensity of the LactC2-GFP fluorescence in the fusion area, with respect to time 0', and arrows denote openings or eroded cross-wall areas. The insets are magnifications of the cell-cell fusion area. (D) h 90 WT prezygotes bearing the LactC2-GFP phosphatidylserine probe and mCherry-tagged Bgs4 (left panels) or Psy1 (right panels) plasma membrane proteins. Images are medial-sections obtained with a DeltaVision Deconvolution system. Bars, 3 µm. 4 cells and serial 1:4 dilutions from the indicated strains that had been induced to mate in liquid EMM-N were spotted onto EMM plates and EMM plates supplemented with the indicated amount of myriocin and incubated at 32ºC for two days. The experiments in A through D were performed a minimum of three times with duplicates; a representative example is shown for each experiment. (E) Left panels, cyr1Δ sxa2Δ control and prm1Δ haploid cells were treated with pheromone, stained with Filipin complex (5μg/ml) and photographed immediately with a conventional fluorescence microscope. Right panels, cyr1Δ sxa2Δ control and prm1Δ haploid cells bearing a LactC2-GFP construct were photographed with a DeltaVision Deconvolution system; the images correspond to medial sections. Bar, 3 µm Figure 9 . Possible models for the origin of the abnormal cell wall and membrane structures observed in S. pombe prm1Δ prezygotes. The drawings depict the cell-cell contact area of prezygotes. (A) Erosion of the cross-wall is followed by the appearance of a cytoplasmic finger into the opposite mating cell; then, the finger retracts and the opening in the cell wall is repaired. (B) The finger is formed as in A, but the cell wall at the opening closes trapping a portion of plasma membrane that originates a small bubble. (C) The finger is formed as in A, but it is reinforced by the synthesis of cell wall material and does not retract. (D) Partial erosion or the opening of a small gap in the cell wall results in the detachment of plasma membrane from the cell wall in one of the mating partners; this detachment originates a membrane invagination that either retracts, closes forming a small bubble, or is reinforced by cell wall synthesis. (E) Serial sections of a prm1Δ zygote labeled with the LactC2-GFP probe. The upper panels show bright field and fluorescence images of the whole prezygotes; the square delimits the area that has been enlarged in the lower the panels; the scale bar represents 3 μm. The asterisk depicts the cell whose membrane invaginated and the arrow depicts the cell whose membrane remained flat. Numbers indicate z-sections. Images were captured with a DeltaVision fluorescence system.
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